The worlds growing population and limited land resources require high intensity of food production. Human nutrition needs both macronutrients and micronutrients. One way of providing micronutrients in staple crops of the poor is biofortification, through plant breeding. All methods of plant breeding are acceptable and safe, and some methods can deliver micronutrients not achievable by other methods. Vitamin A deficiency is responsible for around 4500 preventable child deaths daily, and Golden Rice, biofortified with provitamin A, has proven potential as a costless intervention where rice is the staple crop. The Cartagena Protocol's concentration on a very narrow concern for environment is changing to embrace concern for sustainable development, food security and climate change. The World Bank is recommending the use of biofortified cereals, including Golden Rice as an example, as the norm rather than the exception in addressing malnutrition, noting that education, social marketing and mass media are important to optimise the effectiveness of any food-based approaches to malnutrition alleviation. Regulatory applications have been made for Golden Rice, transformation event GR2E, relating to the safety of human food and feed, which has been confirmed by one regulatory authority at the time of printing. Attitudes to gmo-crops, after two decades, appear to be changing, which is expected to benefit humankind and the environment.
Human population, agriculture and food production
Around 71% of the world's surface is covered by water, which contributes only 1% of human food. Less than 20% of the land area is suitable for agriculture. So less than 6% of the world's surface must produce the food humans need [1] . The human population has more than doubled in the last 50 years from 3.5 billion (when I left school) to 7.5 billion today and will reach almost 10 billion people in the next 50 years [2] .
For 12,000 years, humans have been continuously breeding crops for increased yield: mostly carbohydrates, an excellent human energy source. The trend to more intensive production by fewer people has accelerated over the past 150 years with science and innovation driving the change: synthetic fertilisers, herbicides, fungicides and insecticides, plant breeding techniques, mechanisation and irrigation, as well as since the late 1990s the incorporation, through transgenesis-resulting in "gmocrops"-of genetic traits. Agriculture has the biggest negative impact on biodiversity of cultivated land. And yet intensive agriculture is the kindest for maintenance of global biodiversity by protection of wild lands from food production.
In the industrialised countries, for most of the time following WWII, there has been an increasing ubiquity, often imported, of plentiful and nutritious food at low prices, around 10% of family income. Larger farm units lead to economies of scale in production. Only around 2% of the population are farmers and produce the food for all. Ninety-eight percentage of the population have little understanding of agriculture or the technology involved, and as food is an emotional subject, it is easy to stimulate fear of food production systems.
In the non-industrialised countries, in contrast, food production is often under-resourced, requiring in some countries 60-70% of the population to be farmers. Very small farms are the norm. Land tenure and market access are two of many issues which exacerbate the difficulties in food production. Farming is not a high-status occupation, and there is a continuing migration of labour from the land in the expectation of a better life in cities. For those left behind, often the old, the work becomes ever more demanding, and less productive, with a tendency to increasing poverty. With inefficient production and poverty, food takes up a huge proportion (perhaps 50%) of available family income in these countries.
In seeking more equitable access to food, while protecting the environment, all technologies need to be harnessed in the complex web of global agriculture. There is nothing incompatible about integrating conventional plant breeding, including mutagenesis, biotechnology and genetic modification, better soil husbandry and organic farming, agroecology management, pesticides and organic and inorganic fertilisers.
Science and technology drive yield improvement: but human nutrition requires not only macronutrient yield but also micronutrients
Following World War II in many countries, there were food shortages. Food rationing in the UK only ceased in July 1954 (when I was 4 years old). From the 1940s, the international nutritional focus was on macronutrient sufficiency. Human population was starting to increase rapidly. From the 1950s, I recall the images on a neighbours TV of emaciated Indians in ragged clothing standing in line for food handouts of imported grain. Nevertheless, in all regions of the world except Africa, per-capita food production increased for the four decades following the 1960s Green Revolution [3] .
Per-capita food production as a share of per-capita production, 1961-1965 and various years (FAO data) [ In the 1960s, India imported up to 10 million tons of food grains and from about 2002-2012 exported 4-6 million tons annually. As a result of the "Green Revolution", rice production increased from 34.6 million tons in 1960 to 154 million tons in 2013-2014. Wheat production increased from 10.3 million tons in 1960 to 97 million tons in 2013-2014. During the same period, the population of India increased from 350 million to 1.3 billion. In 2013-2014, India exported 10.7 million tons of rice-more than any other country [4] .
More recently, from the 1990s plant breeding technology improvements, driven significantly by knowledge of plant genetics, have allowed increases in yield [5, 6] incremental to the chemical-or irradiation-induced mutagenesis followed by selection used since the 1940s [7] :
But the African situation has not caught up: "According to the Food Security Index 2016, developed western countries hold the highest levels of food security while sub-Saharan African countries are at the bottom of the rankings. Germany [8] . Especially as Africa's population is forecast to experience by far the largest percentage change (> 100%) of all global regions between 2015 and 2050 [9] .
Poverty is often associated with very limited dietary diversity. Carbohydrate-rich grains are an important energy source. The other macronutrients, fats and proteins, are important too. However, humans also need micronutrients-minerals such as iodine, iron and zinc and vitamins such as vitamins A, C, D, B 1 and B 3 for healthy development and life. Micronutrients exist as either minerals, taken up from the soil and accumulated by plants, or vitamins that are synthesised either by plants or by animals. Energy-rich grains are extremely important, but without dietary diversity are not sufficient for a healthy life [5] .
In industrialised countries, dietary diversity includes not only plant products, but also animal products, and populations with such a varied diet generally benefit from sufficiency of both macronutrients and micronutrients. Often poor people in developing countries have very limited access to animal products, for economic or other reasons.
Since the 1970s, first with respect to iron [10] , then folate [11] and from the 1980s vitamin A deficiency [12] , there has been an increasing global awareness of the preventable impact of dietary micronutrient deficiency on human health and mortality, and related reduction in the economic productivity of populations. Many meetings of the United Nations and other supranational organisations have addressed the problem of nutrition.
Notably, 129 Heads of State in Johannesburg in 2000 ratified the Millennium Development Goals. Many of these goals, to be achieved between 1990 and 2015, related to significantly better nutrition for the world's poor [13] . Despite the unity of intention, Goal 1, to eradicate extreme poverty and hunger, and Goals 4 and 5, about reducing significantly child and maternal mortality, were not achieved [14] .
Calestous Juma argues powerfully that what is needed in Africa (and I would say in most developing countries) is translational application to local circumstances of already established as effective technologies, not "basic research". The mobile telephone in Africa is a good example where locally important applications have been developed, and the fixed line network did not have to be extended. Africa did not have to invent the mobile telephone to benefit [15] .
The 2016 G20 Agriculture Ministers remained "deeply concerned that, despite tremendous efforts, 795 million people in the world still suffer from chronic hunger and 2 billion people from [micronutrient] malnutrition" [16] . 
Vitamin A deficiency
Human populations deficient in the minerals such as iron and zinc, and in vitamin A, suffer from a variety of serious developmental and public health issues, and these deficiencies are more widespread globally than other important micronutrient deficiencies [5] . Vitamin A deficiency, VAD, which mostly affects children less than 5 years old, and to a lesser extent their mothers, is widespread and well documented by the World Health Organisation [18] . Report "Vitamin and Mineral Deficiency", which concluded that "controlling vitamin and mineral deficiency is an affordable opportunity to improve the lives of two billion people and strengthen the pulse of economic development" and that "probably no other technology available today offers as large an opportunity to improve lives and accelerate development at such low cost" [22] .
What was not known clearly in the 1990s was that VAD also suppresses the human immune system: VAD is "a nutritionally acquired immune deficiency syndrome" [12] . Eyesight problems and immune deficiency-related deaths are two different morbidities of vitamin A deficiency. Most who die as a result of VAD do not become blind first. Increased susceptibility to disease as a result of VAD results in the majority of the millions of preventable < 5-year-old child deaths, mainly among children, annually [23, 24] .
A universally available source of vitamin A could save 23-34% of all deaths of children under 5-year-old globally and reduce measles mortality by up to 50% [23, 25, 26] . As the UN regularly measures and publishes global all-cause child mortality [27, 28] , the importance of VAD mortality can be stated compared with other public By the 1990s, VAD was known as the major cause of childhood blindness globally, with about 500,000 cases annually, of which about two-thirds die if not treated [19] . As a result, for more than a quarter of a century, vitamin A deficiency (VAD) has been recognised by the United Nations as a significant public health problem. Key milestones included the:
• 1990 UN World Summit for Children, where 50 heads of government and senior government officials committed their governments to the virtual elimination of VAD by the year 2000 [20] .
• 1992 UN International Conference on Nutrition, which concluded that
• VAD control is the most cost-effective child health/ survival strategy governments can pursue.
• All sectors of society should support the virtual elimination of VAD.
• Strategies should include promoting breastfeeding, dietary diversification, vitamin A supplementation and food fortification.
• Locally available food-based strategies are the first priority. Vitamin A capsule supplementation is only an interim measure [21] .
health mortality causes especially important in the countries where poverty is widespread:
Global mortality from important public health diseases The meta-analyses of the effects of a source of vitamin A which have led to these estimates are based on research with vitamin A supplementation which cannot be repeated. Because the already proven benefits of vitamin A supplementation are so clear, and so dramatic, it is not ethically acceptable to have a control group (vitamin A deficient and without a source of vitamin A) in new research. There are no new data, only new analyses.
Although MDG Goal 1 was not achieved, it is clear from UN reports that there has been a continuous reduction in child mortality since the 1990s [33] and it is clear that improved living standards, for example the availability of clean water, as well as vitamin A capsule supplementation programmes, have saved the sight and the lives of millions from the effects of vitamin A deficiency. Yet vitamin A deficiency remains a very significant public health problem [23, 34] , principally associated with poverty, and one that is preventable at low cost [21] . Semba has noted that the < 5-year-old child mortality of India, maybe as a result of the low coverage of India's vitamin A supplementation programme, is equivalent to the total child mortality of the [28] sub-Saharan African countries [12] .
Why is combatting VAD such a challenge? Only animals, including human beings, synthesise vitamin A. No plants contain vitamin A. The only direct sources of vitamin A itself are animal products: liver, butter, milk and eggs are excellent sources. Animals and humans synthesise vitamin A from carotenoid chemicals naturally occurring in coloured fruits, vegetables and leaves. Betacarotene (β-carotene) is a particularly important provitamin A carotenoid found in all coloured plant foods. 2 In industrialised countries, VAD is not a significant problem because a varied diet includes animal products and 2 Beta-carotene, pro-vitamin A, also gives the colour to Golden Rice. At the levels found in foods, including Golden Rice, beta-carotene is classified as GRAS (Generally Considered as Safe). www.fda.gov/food/ingredientspackaginglabeling/gras/scogs/ucm261245. htm. Beta-carotene in excess of the body's requirements is excreted without conversion to vitamin A. No plants, including Golden Rice, contain vitamin A itself.
various sources of provitamin A carotenoids, and also there is widespread fortification of food products together with the use of vitamin supplements by newborns and pregnant and lactating women.
In the poorer sections of developing countries, food sources that are most valuable in terms of micronutrientsanimal products including milk, eggs, butter, liver and fish-are usually more expensive and "beyond the reach of poor families" [12] . Food security staple crops such as rice are cheaper and therefore make up most of the diet: Share of energy source and food budget in rural Bangladesh. Source: www.harvestplus.org/content/food-crisis
The problem of VAD is also exacerbated by the limited bioavailability of vitamin A from fruit and vegetables [35] . It has been estimated that young children between ages 1 and 3 years would need to eat eight servings of dark green leafy vegetables per day in order to meet the recommended dietary allowance ("RDA" 3 ) for vitamin A. These facts have resulted in the conclusion of "the virtual impossibility for most poor, young children to meet their vitamin A requirements through vegetable and fruit intake alone" [12] . Three and a half billion people daily obtain most of their calories from rice, which can, in the case of countries like Bangladesh, account for up to 80% of their calorie intake [36] . Countries where the diet lacks sufficient vitamin A suffer from relatively high infant and maternal mortality as a consequence [37] .
Biofortification and Golden Rice
There are several strategies for addressing micronutrient deficiencies caused by insufficient dietary diversity. Industrial fortification (e.g. adding iodine to salt, vitamins A and D to margarine, fluoride to toothpaste, folic acid to flour) has been used successfully to ensure sufficiency of micronutrients to populations. Supplementation involves provision and consumption of tablets, syrup or capsules containing micronutrients and has also been employed in both industrialised and developing countries. Both fortification and supplementation, however, require some level of manufacturing and/or distribution infrastructure, and the micronutrients need to be paid for, even if they are free to the consumer. As a result, the most marginalised, and the neediest may not benefit.
A good example of supplementation is vitamin A capsules introduced to vulnerable populations starting in the early 1990s as an intervention for vitamin A deficiency [12, 23] . At the same time, it was recognised by the 1992 UN Conference on Nutrition that "locally available foodbased strategies are the first priority and vitamin A capsule supplementation is only an interim measure" [21] . Ideally, VAD vulnerable children between 6 months and 5 years should receive a capsule every 6 months [26, 38, 39] . Although individually costing only a few cents, provision of the capsules is costly-around US$0.24-0.50 delivered each, so up to ~ US$1.0 annually for each child dosed twice a year [40, 41] , costing $1.0 billion annually from aid agencies and mostly paid for by Canadian and US tax payers [24] , and would be more if the infrastructure costs of provision in remote communities were not shared by other public health programmes, for example measles or polio vaccination programmes. As these diseases come under control vaccination, programmes will be curtailed which will effectively increase the cost of vitamin A capsule programmes.
And despite these generous donations over the last 25 years, and millions of young lives undoubtedly saved, 250 million children a year still remain vulnerable to VAD, and as a result in 2014 ~ 1-2 million < 5-year-old preventable child deaths occurred. Even when vitamin A capsules are used, such use does not change the underlying vitamin A status of populations, which therefore remain at risk if the programmes were to be withdrawn for any reason (West, pers. comm.). Supplementation in poor populations is helpful, but is not sufficient on its own.
In 2000, two German professors, Ingo Potrykus and Peter Beyer, proved that they could modify the genome of white rice to produce beta-carotene, the precursor which the human body uses as a source to make vitamin A [42, 43] . They then donated the technology involved in the creation of Golden Rice to benefit the disadvantaged in the developing world, mindful particularly of the intrac- [24] .
The terms of the inventor's licences to the government institutions ensure that the nutritional trait is only introduced into publicly owned rice varieties. Additionally, that there will be no charge for the nutritional technology, that farmers will be free to grow, locally sell, save and replant Golden Rice seed, and that the nutritional trait can only be stacked with other transgenic traits also under the control of the public sector institutions for humanitarian applications [24] . In this way, there will not be only one Golden Rice, but many Golden Rice varieties with in each case the nutritional trait carried in rice varieties adapted to the local growing conditions and preferred locally by the growers and consumers.
The first licensee of the Golden Rice inventors, in 2001, was the International Rice Research Institute, (IRRI) a not-for-profit institute established in the Philippines. All the other 15 Golden Rice licensees are rice laboratories of national governments. IRRI has been instrumental in breeding the selected nutritional trait, transformation event GR2E-responsible for otherwise white rice synthesising beta-carotene, into four mega-varieties of Oryza sativa, Indica rice. These Golden Rice varieties will be planted (following registration by national authorities) in some countries. In others, they will be used as breeding parents to introduce the trait into different locally preferred and agronomically adapted rices.
"Golden Rice" is the first purposefully created biofortified food. It is a rice that synthesises and accumulates β-carotene during seed maturation [42] . Following normal harvesting, grain polishing, storage, cooking and consumption, the human body efficiently converts the β-carotene in Golden Rice to vitamin A [44] [24, 45, 46] , "so that a few ounces of cooked rice can provide enough to eliminate the morbidity and mortality of Golden Rice" [47] .
Calculations suggest that 40 g of dry Golden Rice, after normal harvest, polishing, storage and cooking, when consumed daily, will save life and sight of people who would otherwise be vitamin A deficient (see footnote 3) [24] .
Plant breeding and safety
Traditionally improvements to plants have been achieved by crossing plants of the same species, observing the plants which arise from the random mixing of genes which occurs in the reproductive process, and selecting the individual plants with the most useful characteristics for the next round of cross-breeding. Over 12,000 years, the approach has gradually improved domesticated plants. Initially, it was carried out by the early farmers, and since the latter part of the 1800s by more specialised plant breeders, who increasingly combine careful observation and record keeping with biological understanding. Contrary to other claims to the accolade, it is probably plant breeding which is "the oldest profession".
For this seed breeding approach to work, the starting population of plants has to exhibit a range of expression for any given trait (or characteristic). Since the 1940s, chemical or nuclear irradiation of growing plants, or their seeds, has been used to induce more genetic mutations than usual in the target plants, so that random combinations may create ever more useful variation in traits for the plant breeders to select from [48] . Most of the crops we are familiar with have been produced in this way. There are hundreds of crop plant varieties (including 826 rice varieties) in use today produced by this system of induced mutagenesis. The mutation process itself is random and can affect hundreds or thousands of a plant's genes and delete whole chromosomes. Plant breeders discard the plants which are not useful, and retain the ones which are. Selected plants have their biological performance confirmed by growth in open-field conditions and then are adopted as approved varieties.
This seed breeding approach cannot be used with crops which do not reproduce sexually; examples include the important food security crops plantain and cassava. In sexually reproducing crops, for example rice, the seed breeding approach can only be used effectively to improve traits for which trait variation in the plant species already exists.
Research with different crops has shown that there is a similarity in function between the genes of different plants genomes. For example, there are genes which affect root development in cereals which are common between different cereal species genomes.
When the inventors of Golden Rice started out, they considered four different scientific approaches [33] . Because there was no rice variety which exhibited yellow grains, there was no variability to exploit through the conventional plant crossing route, and it was unlikely to be effective to mutagenise rice seeds or plants. But they knew that genes inducing a yellow colour were present in some easily obtainable plant tissues. By selecting the genes giving the yellow colour to daffodil (narcissi) flowers, and introducing them to the rice genome in a way which allowed gene (and therefore colour) expression in rice seed, they were able to create the prototype Golden Rice [42, 43] . Subsequently, the Syngenta scientists took other genes known to be associated with beta-carotene synthesis in seeds, those from maize, and were able to induce synthesis of higher levels of betacarotene, both in micrograms and in percentage of total carotenoids [49] . It is this latter approach which is the basis of Golden Rice today. From either the daffodil or maize, the genes were combined with the rice genome using genetic modification techniques "transgenesis": so Golden Rice is a "gmo" (genetically modified organism). But only once, in about 2004 for today's Golden Rice: since 2004, for the past 13 years, all subsequent development of Golden Rice has been through "conventional" cross-breeding.
Much has been made of the potential differences for safety to man, animals or the environment between conventionally bred crops and gmo crops. These concerns are often conflated and inflated by association with dislike of the commercial behaviour of companies which have been most associated with the introduction of gmocrops. This is unfortunate because the effect is to reduce the ability of non-commercial entities to utilise the power of genetics, so beneficially harnessed in medicine and food processing [33, 60] , to benefit food production.
Conversely, all independent science-based institutions globally [50] [51] [52] [53] [54] have found crops produced by transgenesis to be no more of concern that crops produced by any other method. There are many references, but a particularly clear one comes from the heart of the geography politically most opposed to gmo-technology, the European Commission:
"The main conclusion to be drawn from the efforts of more than 130 research projects, covering a period of more than 25 years of research and involving more than 500 independent research groups, is that biotechnology, and in particular GMOs, are not per se more risky than, for example, conventional plant breeding technologies" [51] .
Economics
It has been calculated that conservative adoption of Golden Rice is Asian countries would add ~ US6.4 billion to those countries GDP through increased productivity enabled by reduced vitamin A deficiency-induced sickness, and improved eyesight, and ~ US$17.4 billion if Golden Rice adoption encouraged adoption of other nutritional traits to rice, through increased productivity [55] .
Compared with the cost of other VAD interventions, Golden Rice, fully costed with all development costs, has been calculated to be at a minimum six times cheaper per "disability adjusted life year" saved [33, 40] . This is because all the costs are "up front". The nutritional technology is in the seed, and once adoption by an area's population is assured, very little cost will be involved in project maintenance or refreshment. The seed reproduces itself, and can be replanted, mostly in the localities where it will be consumed to deliver its nutritional benefits-energy and a source of vitamin A.
Undue delay in India to making Golden Rice available has cost the Indian economy $199 m per year for a decade [56] [57] [58] .
Combatting micronutrient deficiencies has been judged at all three separate meetings by different panels of Nobel Laureate Economists as part of the Copenhagen Consensus process, as "the best bang for a buck", that is, the most cost-effective way to solve 30 major problems faced by the world [33] . And this was established assuming the current costs of micronutrient supplementation and/or fortification, not the effectively zero cost of biofortification with a donated nutritional trait. With the donation terms of the Golden Rice inventors making Golden Rice cost no more than white rice to aid agencies, or governments or consumers, the cost-benefit of Golden Rice where rice is the staple and VAD endemic is expected to be magnificent with no need to change any cultural practices, except the adoption of Golden Rice instead of white rice by growers and consumers.
Vitamin A capsules, currently costing about US$1.00 billion per year [24] , are only recommended for children of 6 months and older [38] , and very young children do not consume solid food. The capsules are not recommended for children younger than 6 months due to toxicity concerns from the vitamin A [39] , yet these very young children are the most vulnerable to vitamin A deficiency: neonate deaths in 2011 accounted for 43% (increased from 36% in 1990) of all deaths among under 5-year-olds [27] . It is anticipated, but so far unproven, that a good source of vitamin A, such as Golden Rice, when part of the staple diet, can improve the mother's vitamin A status, benefiting her health, and simultaneously via the placenta and breast milk increase her baby's resistance to disease, and reduce neonate and < 6-month-old child mortality, as well as benefiting 6-month-to < 5-year-old child and maternal health.
Anti-gmo-crop political activism
The seminal Ye et al. paper [42] , published on 14 January 2000, announced that the teams of Potrykus and Beyer had succeeded in their "proof of concept" research, demonstrating that the genome of white rice could be changed so that it synthesised and accumulated beta-carotene in the endosperm. It was published in the high-impact journal "Science", published in the USA, after the UK published journal "Nature" had rejected it. This was a gentle portend of political opposition to Golden Rice to come: Europe had been vociferously opposing all gmo-crops for the previous 3 years.
Only two press releases have been issued concerning the Golden Rice humanitarian project. I was at the time working for Zeneca, and had, for the company, proposed the structure and negotiated the above collaboration with Professor Potrykus, and Dr (now Professor) Beyer, the inventors, and related agreements with necessary third parties [24, 37, 43] . I received an invitation by Friends of the Earth, Europe, to attend a Conference "Sustainable Agriculture in the New Millennium" in Brussels, 28-31 May 2000. The vitriolic animus of the comments made after my brief presentation "Sustainable Biotechnology: Golden Rice and Co-operation between the Public and Private Sector" felt horrible. However, the conference organisers were civil. Written before leaving it, the conclusion to the conference is prefaced: "Some of the concerns voiced from participants at the conference representing the variety of stakeholders in the debate are summarised below, firstly, the views of industry and secondly, those of consumers in the south". I wrote the industry view (see footnote 5).
From this beginning, for the last 16 years, there has been an ongoing low level but impactful publicity insurgency against the Golden Rice humanitarian project by anti-gmo activists, punctuated by a few large battles. Many anti-gmo activist organisations have been involved. The most strident and constant has been Greenpeace. The political aspects of opposition to Golden Rice as an example of gmo-crops have been written up in detail elsewhere [60] . And not only the authors of the "Science" editorial have decried Greenpeace's opposition to Golden Rice. In addition, one of the founders of Greenpeace, Patrick Moore [66, 67] has actively campaigned against them on this topic, as well as Stephen Tindale [68] , former Executive Director of Greenpeace UK and Chairman of the Greenpeace European Unit. Other gmo-crop-opponentsturned-supporters include Mark Lynas: "What we didn't realise at the time was that the real Frankenstein's monster was not GM technology, but our reaction against it" [69] .
Kumi Naidoo when appointed head of Greenpeace International, in late 2009, was reported to say: "in view of developments like Golden Rice, Greenpeace must reconsider its position with regards to GMOs. We must make sure not to miss new and important developments" [70] .
I immediately wrote to him welcoming the suggestion, and offering support. I received a reply from one of his staff (only) informing me that he, the staff member, was in charge of Greenpeace's anti-gmo campaign, and if I had any further comment to make I should address him only.
Many activists initial objections to gmo-crops are that they were only for industrialised farmers, in industrialised countries, for multinational profit and with no consumer benefit; that they were dangerous for environmental and human health, and their exploitation involved intellectual property rights which would eventually lead to commercial domination of food production.
When it was demonstrated that Golden Rice, a gmo crop, did not conform with this stereotype, first of all the activists tried to prove it could not be effective and then tried to vilify or destroy the research which demonstrated its potential. Finally, after demolition of all their arguments, they claimed that Golden Rice was a "Trojan Horse" being manipulated by its proponents merely as a device to create more valuable commercial opportunities for multinational companies to exploit gmo-crops, create new farmer dependencies and remove farmer choice. In all the polemics supporting the anti-gmo stance, it does not take long for anti-business emotions to emerge: seemingly this is the strongest common cause of opponents.
Postscript
The outline for the paper above was given verbally at the Biovision Conference in Alexandria, Egypt, on 14 April 2016. Subsequently, related activities have occurred which have a bearing on the title. They are presented here, followed by some discussion, and conclusions. 
How many poor people in the world must die before we consider this a "crime against humanity"?
Sincerely," [50] (b) September 2016: Research began to facilitate faster incorporation of the nutritional trait into more local rice varieties, following the anticipated registration of Golden Rice. Golden Rice registration, based on one selected transformation event, will occur on a country by country basis. Currently, the trait has been incorporated into four mega-rice varieties, which has been achieved by backcrossing over several generations. However, there are thousands of locally adapted and preferred rice varieties. The application of the most modern methods of precision agriculture potentially could shave years from the timelines required to introduce the nutritional trait into other nationally and locally important rice varieties. 
Together with
Dr. Bouis, of HarvestPlus for pioneering a multiinstitutional approach to biofortification through a global plant breeding strategy. As a result, iron and zinc fortified beans, rice, wheat and pearl millet, and Vitamin A-enriched cassava, maize and OFSP are present in over 40 countries [71] .
(d) November 2016: The regulatory data package for food and feed safety of Golden Rice was completed confirming, subject to independent review by government regulators, that human food and animal feed derived from provitamin A biofortified GR2E rice [= Golden Rice] are as safe as food and feed derived from conventional rice varieties.
9 9 The Executive Summary of the regulatory data package can be found here http://www.foodstandards.gov.au/code/applications/Documents/A1138%20 Executive%20summary.pdf. Detailed data files can be found here: https://www.dropbox.com/ sh/58nh6x76xtkds89/AADBxFjZozyz5tpZfDrlaZYLa?dl=0 and duplicated here: https://www.dropbox.com/sh/p9whsg5a3m5jkil/AABsDdiUjrRNUPpbeEm-rsyla?dl=0. Food, Feed and Processing regulatory clearance in any country is only part of what is required to allow for Golden Rice to be grown, and consumed. In any country where Golden Rice is to be grown, environmental regulatory clearance is also required, and nowhere has this been applied for yet. As yet no one can say which will be the first country where Golden Rice is available to the public. It would also be premature to believe that any such availability is inevitable: it will depend on national regulators, and then essentially government policy in each country: is it recognised that Golden Rice has the potential to assist vitamin A deficiency alleviation and does each national government seek to see it adopted as a routine part of staple diets.
(e) GR2E is a new food crop designed to mitigate vitamin A deficiency in developing countries. GR2E is not intended to be used in the Australian or New Zealand food supplies. Approving this crop will prevent trade disruption should GR2E be inadvertently present in imported shipments of milled rice. The primary objective of FSANZ in developing or varying a food regulatory measure, as stated in section 18 of the Food Standards Australia New Zealand Act 1991 (FSANZ Act), is the protection of public health and safety. Accordingly, the safety assessment is a central part of considering an application. The Safety Assessment of GM rice line GR2E is provided in Supporting Document 1 and the Nutrition Risk Assessment is provided in Supporting Document 2. No potential public health and safety concerns have been identified. Based on the data provided in the present Application, and other available information, food derived from line GR2E is considered to be as safe for human consumption as food derived from conventional rice cultivars (emphasis added). FSANZ has prepared a draft variation to Schedule 26 that includes a reference to food derived from provitamin A rice line GR2E.
Discussion
In her excellent 2015 paper "Food in a future of 10 billion" [47] , Nina Fedoroff writes: "However, it is the case of Golden Rice, genetically modified to produce the vitamin A precursor β-carotene, that provides the paradigmatic example of an opportunity foregone to use GM technology to address a major global malnutrition issue. …….. Golden Rice remains mired in controversy and has been tied up in the regulatory process for more than a decade. Millions suffer and die while Golden Rice remains in test plots".
In Prof Fedoroff 's quotation, the term "regulatory process" could usefully be explained. This is not the process following submission of a regulatory data package to nationally appointed regulators. At the time of her paper, in 2015 no regulatory submission for Golden Rice had been made in which Golden Rice could have been "tied up".
The influence of "the regulations" on gmo-crops such as Golden Rice is more subtle and has certainly been responsible for undue delay in determining if Golden Rice, as expected, can provide an additional, as well as practical, sustainable, very cheap and effective intervention for vitamin A deficiency.
For the first time in 2016 the World Food Prize recognised and encouraged the concept of biofortification of staple crops with micronutrients for public health benefits.
Consideration of the contrast between the progress of the 2016 World Food Prize Laureates-Harvest Plus's biofortification programme and the promotion of orange sweet potato as a VAD intervention-and the Golden Rice projects progress provides insight into how "Golden Rice …has been tied up in the regulatory process for more than a decade".
The Director of "Harvest Plus", and one of the World Food Prize Laureates is Dr Bouis. Before Harvest Plus started its activities in 2003, Dr "Howdy" Bouis had already joined the Golden Rice Humanitarian Board. The current version of Golden Rice was created in 2004. In the same year, rice was providing the global population with 2,000,000 million calories per day. Sweet potato was providing 36,478 million calories, less than 2% as many: How can it be that Harvest Plus, which started operations in 2003, and the promoters of orange sweet potato as a VAD intervention have been successful, and Golden Rice, initially created in 1999, and with huge potential, has not yet even been grown by farmers by 2017?
The answer, simply, is that Golden Rice is a gmo-crop, and (until very recently) Harvest Plus crops are not and the orange sweet potato is not.
12 Why has this difference had any influence on the Golden Rice project's progress?
The June 1992 Earth Summit in Rio de Janeiro, Brazil, agreed 27 Principles, initially listed in Annex One [77] , which became The UN Convention on Biodiversity ("CBD") [78] . Some key Principles, quoted verbatim, are:
Human beings are at the centre of concerns for sustainable development. They are entitled to a healthy and productive life in harmony with nature.
Principle 4:
In order to achieve sustainable development, environmental protection shall constitute an integral part of the development process and cannot be considered in isolation from it. This "precautionary principle" "has long been a major impediment to good sense in public policy. It is either so obvious as to be otiose ("if there is cause for concern, be careful"), or so vague as to be meaningless. But in its most common application-'where an activity raises threats of harm to the environment or human health, precautionary measures should be taken even if some cause and effect relationships are not fully established scientifically' ………. it has been an invaluable tool for those who want to stop any new scientific development that they dislike" [79] .
Greenpeace have been long-standing opponents of gmo-crops. They were involved in June 1992 in Rio at the United Nations Conference on Environment and Development, the first UN Summit meeting to include nongovernmental representatives, and subsequently boasted that "we won almost all the points we were pushing for" [80] in the writing of the Cartagena Protocol, effectively an annex to the CBD, which came into force in 2003. The Cartagena Protocol, which is really a subservient agreement to the CBD, has come to dominate all the first 15 principles of the CBD. The Cartagena Protocol, with currently 167 country signatories, provides the basis of national regulatory systems for gmo-crops worldwide. The Cartagena Protocol has been promoted to elevate concerns for the environment above all other concerns, contrary to the specific language of Principle 4 of CBD, and insists first of all on generation of molecular data of gmo-crops.
A plant breeder can much more quickly, and cheaply, on the basis of plant phenotype observed in open-field conditions, decide if a plant has useful characteristics or not. But in the system which Greenpeace takes pride in, traditional plant breeders work in the field is delayed for several years.
Peter Raven, a renowned plant scientist and former head of the Missouri Botanical Garden, has remarked that the Cartagena Protocol has been "hijacked" in a sense to further the "green" political agenda of attacking gmos 13 and modern biotechnology [81] instead of actually protecting diversity:
"Having been involved personally in the formation of the Convention on Biological Diversity in the 1980s, I am truly saddened by the fact that it has become so preoccupied with GE crops. ………there is no valid scientific basis to assume that "biosafety" principles concerning GE organisms would have any effect whatever on the survival of biodiversity, which is so threatened throughout the world" [82] .
Recently, Prof Fedoroff has suggested [83] that President Trump's administration has the opportunity to base biotech regulations on science, not fears. If this were to happen, it would be a great example for the world. But would the world follow? Unfortunately, the world did not follow the US's position in not ratifying the Cartagena Protocol which is an existential threat to global food security, and therefore global security.
Many activist organisations have cynically ignored scientific evidence about gmo crops for fundraising purposes by suggesting that gmo-crops are a unique class of agricultural product, despite longstanding scientific agreement that they are not [51] [52] [53] [54] . Even large organisations, public and private, have actively avoided humanitarian gmo-crop-controversy-entanglement. Individual scientists have been distracted from their work [37] .
Many activist organisations have also promulgated the view that gmo-crops are dangerous to human and environmental health, are solely for use in industrialised countries for "evil" multinational company profit and provide no consumer benefit. Such a narrative is false, as Golden Rice demonstrates clearly. Nevertheless, it has provided the political environment for the organic food lobby to make similar claims for commercial gain [84] , despite: "when it was established in 1990, [US] Secretary of Agriculture Dan Glickman emphasized the fundamental meaninglessness of the organic designation: "Let me be clear about one thing, the organic label is a marketing tool. It is not a statement about food safety. Nor is 'organic' a value judgment about nutrition or quality" [85] .
Paradoxically the activists' success in disseminating their ideas has induced the creation of that which they oppose. Only multinational companies can afford the costs and complexities, and condemnation, associated with gmo-crops. The result of Greenpeace's influence has been to reinforce commercial oligopoly for major industrial gmo-crops. The public sector and small companies can only compete with significant fortitude, perseverance and unusual financial backing from commercial or philanthropic sources. University science rewards the novelty which leads to publication in scientific journals. Neither the journals, nor the universities, reward product development perseverance. Only the most dedicated academic scientist can risk a career by deviating attention from research to advocacy for an idea, and, despite scientific proof, with such little progress towards product development during such a long time, against such entrenched opposition.
One of the reasons Harvest Plus has been so successful, correctly acknowledged in the World Food Prize 2016 recognition, is that they adopted a "no-gmo-crop" strategy from 2003 purposefully to avoid the otherwise associated and expected "hurdles and criticism" [86] , and so successfully raised extensive operational funding. However, Harvest Plus have also, recently, noted that conventional seed breeding techniques cannot always achieve success with increasing iron and zinc. They have acknowledged that only with precision agriculture, using transgenesis to create gmo-crops, have they achieved success with these traits in rice [87] .
Increases of not only iron and zinc [88] , but also folate [89, 90] and pro-vitamin A in staple crops of the poor [42, 49, 91 ] are all extremely important for human health. All of them have been achieved using gmo-technology, where conventional breeding was not possible.
Similarly, the other World Food Prize 2016 Laureates success reflects their work with orange-fleshed sweet potato. Low et al's 2007 research with orange sweet potato showed that consumption of the crop increased vitamin A intake and serum retinol concentrations in young children in rural Mozambique [92] . In common with Tang et al's 1999 research demonstrating green and yellow vegetables can maintain body stores of vitamin A in Chinese children [93] , the teams of both Low and Tang involved research with children in developing countries, and conventionally bred crops.
Unlike the gmo-crop hysteria induced by Greenpeace about Tang et al's 2012 research, also involving children in a developing country context, and Golden Rice [24, [60] [61] [62] there was no adverse comment when gmo-crops were not involved. Given the trenchant gmo-crop opposition of Greenpeace and others, underpinned by the Cartagena Protocol's over-precaution, it is unlikely the orange sweet potato research has been able to progress to the adoption and benefit they have demonstrated, and which has been recognised by the World Food Prize 2016, had the crop been bred using gmo-techniques (but note footnote 12).
Professor Fedoroff is correct to note that the delays in progressing Golden Rice to fulfilment of its humanitarian objectives since 1999 are regrettable.
Nevertheless, along the way Golden Rice has contributed positively to the gmo-debate and potentially to future public health interventions from the public sector with gmo-traits.
It has already been mentioned that if Golden Rice encouraged adoption of other nutritional traits in rice, Asian countries GDP would be increased by ~ US$17.4 billion through increased productivity [55] . Currently, Golden Rice is the most advanced biofortified rice towards a product, and other gm traits are following: zinc, iron and (hopefully) folate [88] [89] [90] . Dr Gary Toenniessen, then Director for Food Security at the Rockefeller Foundation, was somewhat prophetic when in the 16 May 2000 announcement of the collaboration between the inventors and Zeneca, he said: "We look forward to following the progress of this agreement as a possible model for other public-private partnerships designed to benefit poor people in developing countries"……………. It is notable that the traits increasing folate, iron and zinc reported above, and elsewhere [5] , each created after Golden Rice's provitamin A technology, have all been introduced into rice, have only been possible using gmotechnology, have all been developed in the public sector, and (as far as I know) are all available free of charge for micronutrient deficiency interventions for populations which would benefit from them. Perhaps all have been "encouraged" by Golden Rice's example.
Transgenesis has also be used, with various levels of success so far, to introduce provitamin A traits into other important food security crops where (previously considered as) conventional plant breeding techniques could not be effective: cassava, sorghum and plantain (also called cooking banana) [5, 91] , all after Golden Rice's technology was published [42, 49] . Professor Beyer's molecular pathway engineering expertise was sought by all these projects at one time or another. Again, all are principally public sector projects.
In April 2016, immediately before the Biovision conference in Alexandria, Egypt, where the first part of this paper was presented orally, the UN's World Health Organisation and Food and Agriculture Organisation together convened a technical consultation in New York: "Staple Crops biofortified with vitamins and minerals: considerations for public health strategies". A new policy seems to be in development (but has not yet appeared The Golden Rice Humanitarian Board has provided costless access to Golden Rice images (and written information) to textbook publishers from all continents where, almost without fail, the "Golden Rice case" is part of the secondary school or university biology, nutrition and/or ethics curriculum.
It was immediately after Sir Richard Roberts heard me speak at a South Korean Government conference in early 2012, that we discussed his ideas of getting Nobel Laureates involved in, as he said I had done, "pointing out the idiocy of many countries current policies" with respect to gmo-crops, and therefore Golden Rice. His, initiative has led to the 2016 Open letter signed by 126 Nobel Laureates, and ~ 13,000 other people, in support of Golden Rice and gmo-crops quoted above (see footnote 8).
With respect to new research to facilitate faster incorporation of the nutritional trait into more local rice varieties, it is clear that scientists understand that science proceeds in forward leaps and sometimes backward steps, and remain keen to assist progress to Golden Rice's humanitarian objectives, and also that philanthropists are willing to support their complementary research too.
I have long been a critic (including in the text above) of the insidious negative influence exerted and enabled by the Cartagena Protocol where often spurious "concerns for the environment" have prevented the progression of other important concerns, in the case of Golden Rice for health and welfare. [60] .
In December 2016, as mentioned above, the Parties to the Cartagena Protocol, including representatives of 167 countries and the UN's Food and Agriculture Organisation, agreed with my sentiment [73] .
Maybe someone is listening.
Conclusion
The public sector holds the responsibility for public health delivery through biofortification of food security crops. For micronutrient biofortification especially, plant breeders need rapidly to catch up with the 12,000-year head-start of seed breeding for yield. Precision agriculture-including gmo-crops-now provides the tools to assist: for macronutrients yield, to adapt yields to climate change and other difficult growing conditions, as well as micronutrients. Most farmers using gmo-crops in 2014-clearly of their free will-did so on small farms in developing countries [94] .
14 Slowly, the Golden Rice project is nearing the end of its beginning. Is it too much to think that gradually the whole world is starting to accept gmo-crops are useful as well as accepting the altruistic purpose of the Golden Rice inventors, their Humanitarian Board and their network of national public sector collaborators, and the need for additional interventions for vitamin A deficiency?
Following submission of regulatory data packages to national authorities, it can be anticipated that Golden Rice will be cleared as safe to humans, animals and the environment and made available to countries and populations which want to incorporate it into their culture of rice cultivation and consumption.
Over time, independent research will be undertaken to measure the effect of Golden Rice's regular consumption on vitamin A status of individuals and populations. And in the longer term, on the effect of Golden Rice's regular consumption on the morbidity and mortality of populations which adopt it as a routine part of the staple diet.
Subsequently, if donors are not too fatigued to pay for the development, other micronutrient traits will be combined with the provitamin A beta-carotene in multi-vitamin and multi-mineral rice. Proof of concept has already been achieved for some, a long time ago for folate, and more recently for iron and zinc.
The first challenge for the Golden Rice project, however, is to enable managed adoption by rice-consuming societies where VAD is endemic. This will require effort, as described in the next paper. For the Golden Rice in the mega-rice varieties (IR64, IR36, BR29 and PSB Rc82) carrying the GR2E transformation event, it is time for the scientists and rice breeders to "pass the baton" to rice seed multipliers, to extension workers, to public health educators, to those responsible for children and women, for school meals services, to health and welfare professionals. Hopefully, philanthropy will not be so bored and exhausted by the past 17 years that they may assist in catalysing this Golden Rice adoption work.
However, chemical reactions often occur without catalysts though, albeit at a slower rate, if the elements are reactive enough. Individuals in developing countries, following registration of Golden Rice, can manage its adoption as a routine part of agriculture and consumption, 14 "In 2014, approximately 18 million farmers, the same as 2013, grew biotech crops-remarkably, about 90%, or 16.5 million, were risk-averse small, poor farmers in developing countries……………..For the third consecutive year in 2014, developing countries planted more biotech crops than industrial countries" [94] .
themselves, without western philanthropic or aid or NGO assistance. To do so, they must take responsibility. And get organised to assist their communities to combat the preventable blindness and death which characterises vitamin A deficiency. The result will be truly dignified and sustainable. And a major contribution to alleviation of the effects of poverty, while other methods continue to be targetted at povety alleviation itself.
The delay to Golden Rice's development has been principally due to suspicion and political interference continuously experienced since first strongly expressed in 2000. The project should have been where it is today, with the major part of a regulatory package finished, in around 2006, 11 years ago.
Fortunately, there are fewer < 5-year-old child deaths annually now than then: 26,000 per day in 2006; 16,000 per day in both 2014 and 2015.
But the 2015 < 5-year-old death toll probably still equates to around 4500 VAD related and preventable child deaths daily, and many of them in countries where rice is the staple, usually grown close to where it is consumed.
It is not too late for opponents to take note of the Nobel Laureate's plea to stop vilifying Golden Rice, and other gmo-crops, with benefit to the environment, and humankind. They could usefully assist Golden Rice's adoption.
hosting of the www.goldenrice.org website on servers of the Albert-LudwigsUniversität Freiburg, Germany, are both gratefully acknowledged. For the past few years the focussed application, expertise and diligence of Dr Donald Mackenzie at IRRI has been highly appreciated. Sir Richard Roberts support in organising the support of many fellow Nobel Laureate's for Golden Rice, as well as of course the support of each individual of the other 125 Nobel Laureate's, is hugely appreciated.
The Golden Rice project, is, however, entirely the result of Ingo Potrykus and Peter Beyer's intellect and vision and the gift of their technology to help the world.
Failure has few parents; success has many. Whatever the outcome for Golden Rice in achieving its objectives of providing a free of charge nutritional enhancement to rice as an additional intervention for vitamin A deficiency: its parentage is clear.
